Ion-Induced Nanoscale Ripple Patterns on Si Surfaces: Theory and Experiment by Stefan Facsko & Adrian Keller
Materials 2010, 3, 4811-4841; doi:10.3390/ma3104811
OPEN ACCESS
materials
ISSN 1996-1944
www.mdpi.com/journal/materials
Review
Ion-Induced Nanoscale Ripple Patterns on Si Surfaces: Theory
and Experiment
Adrian Keller1,2,⋆ and Stefan Facsko1
1 Institute of Ion Beam Physics and Materials Research, Forschungszentrum Dresden-Rossendorf, P.O.
Box 51 01 19, D-01314 Dresden, Germany
2 Interdisciplinary Nanoscience Center (iNANO), Aarhus University, Ny Munkegade, DK-8000 Aarhus
C, Denmark
⋆ Author to whom correspondence should be addressed; E-Mail: adrian@inano.au.dk;
Tel.: +45 8942 3702.
Received: 31 August 2010; in revised form: 18 October 2010 / Accepted: 19 October 2010 /
Published: 22 October 2010
Abstract: Nanopatterning of solid surfaces by low-energy ion bombardment has received
considerable interest in recent years. This interest was partially motivated by promising
applications of nanopatterned substrates in the production of functional surfaces. Especially
nanoscale ripple patterns on Si surfaces have attracted attention both from a fundamental
and an application related point of view. This paper summarizes the theoretical basics of
ion-induced pattern formation and compares the predictions of various continuum models
to experimental observations with special emphasis on the morphology development of Si
surfaces during sub-keV ion sputtering.
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1. Introduction
Back in the 1960s, Navez et al. studied the morphology of glass surfaces bombarded with a 4 keV
ion beam of air [1]. During the sputtering, they found the surface to develop periodic structures with
lateral dimensions ranging from 30 to 120 nm depending on the angle of incidence. The orientation of
the structures was determined by the direction of the ion beam. For grazing incidence, ripple patterns
oriented parallel to the projection of the ion beam were observed whereas the ripples were rotated byMaterials 2010, 3 4812
90◦ at near-normal incidence. At normal incidence, however, the surface developed dot-like features. In
the following years, sputter-induced ripple structures were found on all kinds of amorphous as well as
crystalline materials like insulators [2], semiconductors [2,3], and metals [4].
During the 1990s, several in-situ and ex-situ studies investigated the ion-induced formation of
nanoripples by means of new techniques for the exact characterization of the eroded surfaces like light
scattering [5] and x-ray methods [6], as well as scanning tunneling [7] and atomic force microscopy
[8,9]. In 1999, Facsko et al. observed the formation of hexagonally ordered nanodots on GaSb surfaces
during normal incidence ion sputtering [10]. Such regular dot patterns have been found on various
semiconductor surfaces sputtered at normal incidence [11] as well as off-normal incidence with [12] and
without sample rotation [13].
Nowadays, ion-induced nanopatterns become interesting for various technological applications.
Recent experiments demonstrate the principal applicability of nanoripples in the fabrication of
microelectronic devices [14] and optically active nanostructure arrays [15,16]. Another approach uses
nanodot formation under normal incidence sputtering of layer stacks to create isolated magnetic islands
for magnetic storage media [17,18]. In addition, rippled substrates are becoming popular as templates
for thin ﬁlm deposition. It was shown that the morphology of the nanorippled substrates modiﬁes the
magnetic properties of ultrathin single-crystalline [19] and poly-crystalline [20–22] metal ﬁlms. In a
similar manner, arrays of close-packed nanomagnets could recently be obtained by shadow deposition
on hexagonally ordered dot patterns [23]. Moreover, the self-organized alignment of physical-vapor
deposited metal nanoparticles on nanorippled substrates was recently observed, leading to large arrays
of nanoparticle chains exhibiting polarization-dependent plasmon absorption [24,25]. With the same
technique, also arrays of metallic nanowires could be produced [26–28]. Most of these applications
crucially depend on certain properties of the template patterns such as a high degree of order in the case
of storage media [17,23] or a well deﬁned ripple wavelength that ﬁts to the growth conditions of the
nanoparticles [24]. A precise control of the pattern properties in turn requires detailed knowledge of
the pattern formation process and the contributing mechanisms. Up to now, however, this knowledge is
still incomplete.
Although severalpossible origins of the ripple patterns likeion-induced local stresses or initial surface
defects have been suggested in the years following their discovery [3], no conclusive explanation could
be found until 1988. In this year, Bradley and Harper developed a continuum model [29] to describe the
formation of the ripple patterns based on the so-called micro-roughening instability [30]. It was already
shown by Sigmund [30] that the local erosion rate of a surface under ion bombardment is higher in
depressions than on elevations. This curvature dependence of the sputter yield induces an instability of
the surface against periodic disturbances which leads to an ampliﬁcation of all initial modulations. In the
presence of a competing smoothing process like surface self-diffusion, however, a wavelength selection
is observed with the most unstable mode growing fastest [29].
The resulting linear continuum equation, the so-called Bradley-Harper (BH) equation, is able to
reproduce some of the main experimentally observed features of the formation and early evolution
of the patterns like their orientation with respect to the ion beam and the exponential growth of the
ripple amplitude. For long sputtering times, however, certain experimental observations such as the
saturation of the ripple amplitude cannot be explained within the framework of the linear model. ThisMaterials 2010, 3 4813
disagreement was attributed to a growing inﬂuence of nonlinear terms that dominate the morphology
at later times. Hence, in 1995, Cuerno and Barab´ asi derived a nonlinear continuum equation of the
Kuramoto-Sivashinsky (KS) [31,32] type to describe the ion-induced formation of periodic surface
structures [33]. In the early time regime, this equation behaves like the linear BH equation. At a certain
transition time, however, the nonlinear terms start to control the evolution of the surface [34]. When
entering this nonlinear regime, the amplitude of the ripples saturates as found experimentally. However,
a transition to kinetic roughening with a loss of lateral order is observed in this regime [34,35]. Whereas
such a transition has been observed in a few experiments [36], other studies report a stabilization of the
regularpatternsathighﬂuences[37–39]. Anotherfeatureoftheexperimentalpatternevolutionthatcould
not be reproduced by the KS equation is the occasionally observed coarsening of the pattern wavelength
[9,11,12,39–44]. In order to overcome these discrepancies, several other nonlinear models based on the
KSequationhavebeenproposed[45–49]. Thesemodelsallshowasimilarbehaviorintheirlinearregime
and make different predictions only for the surface evolution in the nonlinear regime corresponding to
rather long sputter times [50]. Therefore, a distinct demand for high ﬂuence experiments has evolved
which investigate the evolution of the surface morphology in the nonlinear regime in order to identify
the continuum model that describes the given experimental system.
In the following section, the theoretical basics of ion-induced pattern formation are summarized and
the various continuum equations available at present are discussed. Section 3 shows experimental results
on the pattern formation and evolution on Si surfaces and tries to identify a certain continuum equation
to describe the surface evolution. In addition, dependencies on experimental parameters are discussed
with respect to possible applications. Section 4 provides a summary.
2. Continuum Theory of Ripple Formation During Low Energy Ion Sputtering
If a solid surface is bombarded with energetic ions, surface material will be removed [51,52]. The
theoretical description of this mechanisms called sputtering has already been formulated in the 1960s
by Sigmund [53]. The ions penetrating into the target surface are slowed down and lose their kinetic
energy and momentum in elastic and inelastic collisions with target nuclei and electrons, respectively.
For kinetic energies of the order of some keV and below, however, the momentum and kinetic energy of
the ions are transferred to the target atoms in nuclear collisions mainly and inelastic collisions play only
a minor role [54]. A target atom taking part in one of these collisions receives some of the ion’s kinetic
energy and momentum and can, therefore, be set in motion. If such an atom obtains sufﬁcient energy,
it can induce further collisions with other target atoms, thus increasing the number of moving atoms.
This situation is then called collision cascade [54]. For typical ion ﬂuxes, the collision cascades do not
overlap in space and time and can therefore be treated independently. Within one collision cascade, it
may happen that a target atom receives momentum directed towards the surface. If the kinetic energy
of such an atom is high enough to overcome the surface binding energy, it will leave the surface and be
sputtered away. Under continuous irradiation, the surface will be eroded as a whole. Additional effects
that also might cause the removal of target material such as the deposition of potential energy during the
impact of slow multiply-charged ions [55] will not be treated in this review.
When bombarding a crystalline non-metallic surface, e.g., a semiconductor, one can observe an
additional effect. The number of generated defects in the crystal increases with the number of ionMaterials 2010, 3 4814
impacts. Therefore, for a large number of ion impacts, the crystal structure of the surface becomes
unstable and the whole surface gets amorphized [54]. For single crystalline Si surfaces bombarded
at energies of a few hundred eV at room temperature, this amorphisation is observed already after
the impact of about 1015 ions per cm2 [56]. For higher ﬂuences, the surface can be treated as fully
amorphous.
2.1. Sigmund’s theory of sputtering
A keV ion penetrating a solid surface loses its kinetic energy mainly in nuclear collisions with target
atoms. The energy loss per unit path length, or stopping power, is then given by
dE
dz
= −NSn(E) (1)
with the atomic density N of the solid and the nuclear stopping cross section Sn(E). E is the initial
kinetic energy of the penetrating ion.
The nuclear stopping cross section Sn(E) depends on the interaction potential used to model the
collision between ion and target atom. With the power approximation of the Thomas-Fermi potential as
a common choice, Sn(E) reads [53]
Sn(E) =
1
1 − m
Cmω
1−mE
1−2m. (2)
Here, m accounts for the Coulomb screening of the nuclei due to the electrons in the solid and ranges
from 0 to 1. In the lower-keV and upper eV region, m = 1/3 is commonly assumed, whereas m should
be close to zero in the eV region [53]. Cm and ω are constants that incorporate the atomic parameters of
the projectile and target species:
Cm =
π
2
λma
2
TF
(
Mp
Mt
)m (
2ZpZte2
aTF
)2m
, (3)
ω =
4MpMt
(Mp + Mt)
2.
Mp,t is the atomic mass and Zp,t the atomic number of the projectile and the target atom, respectively.
λm is a dimensionless function of m with values ranging from λ1 = 0.5 to λ0 ∼ 24 and aTF is the
Thomas-Fermi screening length.
The average number of sputtered atoms per incident ion is given by the sputtering yield Y . For linear
collision cascades, i.e., for a sufﬁciently small number and isotropic distribution of binary collisions
within one cascade [54], the sputtering yield Y is proportional to the energy FD(z) deposited per unit
depth in the surface at z = h by a certain ion at the lateral position (x,y),
Y (E,θ,x,y) = ΛFD(E,θ,x,y,z = h) (4)
with the ion energy E and the angle of incidence θ. Λ is given by
Λ =
Γm
8(1 − 2m)
1
NCmE
1−2m
sb
. (5)Materials 2010, 3 4815
Here, Esb is the surface binding energy and Γm a function of m given by
Γm =
m
d
dx[lnΓ(x = 1)] − d
dx[lnΓ(x = 1 − m)]
. (6)
Because the majority of the sputtered particles originates from secondary collisions with low energy
(< 50 eV) recoils, Sigmund suggested m = 0 for Equation (5) [53], resulting in Γ0 = 6/π2. Therefore,
Equation (5) becomes
Λ =
3
4π2
1
NC0Esb
, (7)
with C0 = 0.0181 nm2 [53].
For a plane and homogeneous surface, the deposited energy does not depend on the lateral position
of the ion impact and is given by
FD(E,θ) = αNSn(E), (8)
with α being a dimensionless function of the angle of incidence θ and the mass ratio Mt/Mp [53]. Then,
the sputtering yield becomes
Y (E,θ) =
4.2
nm2
αSn(E)
Esb
. (9)
According to Equation (9), the sputter yield depends on the surface binding energy and due to
Equations (2) and (3) also on the atomic species. Therefore, for a multicomponent material, different
sputter yields for individual atomic species i might be observed. In a ﬁrst approximation, the total sputter
yield can be treated as the sum of the different components according to their surface concentration. For
this purpose, so-called “component” sputtering yields Y c
i are deﬁned such that the partial sputtering
yields Yi follow the relation
Yi = q
s
iY
c
i (10)
with the surface atomic fractions qs
i. Then, the total sputtering yield is given by
Y =
∑
i
Yi. (11)
Different component sputtering yields then lead to
Yi
Yj
̸=
qs
i
qs
j
, (12)
i.e., one or more components are sputtered preferentially. Due to this preferential sputtering, the surface
concentrations are altered at increasing ﬂuence even in a homogeneous material. For a two-component
material with the components A and B, preferential sputtering of A leads to a decrease of the surface
concentration and thus also to a decrease of the partial sputtering yield of A. Prolonged sputtering will
then lead to a stationary state described by
Y ∞
A
Y ∞
B
=
qA
qB
(13)
which is characterized by the stationary partial sputtering yields Y ∞
i and the bulk atomic fractions qi. In
the stationary state, the altered composition proﬁles remain constant but are moved into the bulk due toMaterials 2010, 3 4816
sputter erosion, so that atoms sputtered at the surface must be balanced by atoms fed from the bulk into
the altered surface layer. From Equation (10) and (13),
(qs
A)
∞
(qs
B)
∞ =
(
qA
qB
)2 Y 0
B
Y 0
A
(14)
for the stationary surface composition is obtained with the stationary surface atomic fractions (qs
i)
∞ and
the initial partial sputtering yields Y 0
i .
2.2. The Bradley-Harper model
If a surface is bombarded with a homogeneous ﬂux of ions j, then the over-all energy deposited in a
given point A of the surface is the sum of the energy deposited in this point due to all surrounding ion
impacts. Therefore, with Equation (4), the local erosion rate in point A is given by the integral over all
contributing events [30]
v(A) =
Λ
N
∫ ∫
ϕ(r)ED(r)dxdy (15)
where ϕ(r) is the ﬂux of incoming ions j corrected for the local angle of incidence and ED(r) is the
energy deposited per unit volume at r = (x,y,z). ED(r) is related to FD(z) of Equation (4) by [30]
FD(z) =
∫ ∫
ED(r)dxdy. (16)
The spatial distribution of the deposited energy ED(r) can be approximated by a Gaussian,
ED(r) =
E
(2π)3/2σµ2 exp
(
−
(z + a)2
2σ2 −
x2 + y2
2µ2
)
. (17)
Here, µ and σ represent the lateral and longitudinal width of the distribution, respectively, and a is the
mean penetration depth of the ion. A contour plot of the energy distribution is shown in Figure 1.
For a rough surface sputtered with an uniform ﬂux of ions, the energy deposited in the surface is
not constant but rather depends on the lateral position r. To some extent, this is caused by the angular
dependence of the ion ﬂux at the surface. In addition, however, the energy deposition into the surface
depends on the local shape of the surface. This lateral variation of the energy deposition causes a lateral
variation of the local erosion rate and, therefore, a change of the surface morphology with sputtering time
[30]. A closer inspection of the underlying mechanisms reveals that the local erosion rate is higher in
troughs than on crests. This is demonstrated in Figure 2 where ions penetrate into a surface region with
positive (Figure 2 left) and negative (Figure 2 right) curvature, respectively. The Gaussian distribution of
the deposited energy is centered at the mean penetration depth a of the ions and indicated by the (broken)
lines of constant energy. From Figure 2 it is obvious that the distance from the surface point A where
the sputtering occurs to the contributing impact at B is shorter than the distance A∗ − B∗. Therefore,
the over-all deposited energy and also the erosion rate is larger in points with positive curvature (A) than
in those with negative curvature (A∗). Obviously, the surface becomes unstable and the initial surface
roughness gets ampliﬁed. This mechanism is called surface micro-roughening [30].Materials 2010, 3 4817
Figure 1. Contour plot of the deposited energy in the x-z plane according to equation (17)
with a = 3 nm, σ = 0.9 nm, µ = 0.5 nm, and E = 500 eV. The surface at z = 0 is indicated
by the broken line.
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Figure 2. Schematic drawing of the energy deposition in rough surfaces, see text.
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In order to explain the formation of periodic ripple patterns during sputtering, Bradley and Harper
have calculated the integral (15) under the assumption of large radii of curvature Rx and Ry [29]. Then,
the time evolution of the continuous surface height function h(x,y,t) is given by
∂h
∂t
= −v(φ,Rx,Ry)
√
1 + (∇h)2 (18)
with φ being the angle between the direction of the ion beam and the local surface normal [33]. The
projected direction of the ion beam is parallel to the x axis. Equation (18) can then be expanded inMaterials 2010, 3 4818
terms of derivatives of the surface height [33]. To ﬁrst order in the surface curvature, Bradley and Harper
obtained
∂h
∂t
= −v0 + γ
∂h
∂x
+ νx
∂2h
∂x2 + νy
∂2h
∂y2. (19)
Here, v0 is the erosion velocity of the planar surface, γ causes a lateral movement of the structures, and
the micro-roughening instability is incorporated by the coefﬁcients νx,y. These coefﬁcients are given by
the following relations [45]:
v0 = Fc, (20)
γ = F
s
f2
[
a
2
σa
2
µc
2 (
a
2
σ − 1
)
− a
4
σs
2]
, (21)
νx = Fa
a2
σ
2f3
[
2a
4
σs
4 − a
4
σa
2
µs
2c
2 + a
2
σa
2
µs
2c
2 + a
4
µc
4]
, (22)
νy = −Fa
c2a2
σ
2f
, (23)
with
F =
jEΛa
σµN
√
2πf
e
−a2
a2
c2/2f, (24)
f = a
2
σs
2 + a
2
µc
2,
aσ =
a
σ
, aµ =
a
µ
,
s = sinθ , c = cosθ.
When sputtering a surface at ﬁnite temperature, atoms will diffuse on the surface leading to a
relaxation of the surface. This effect, the so-called Herring-Mullins surface diffusion [57,58], can be
introduced by adding a term proportional to the fourth derivative of the surface height to Equation (19),
resulting in [29]
∂h
∂t
= −v0 + γ
∂h
∂x
+ νx
∂2h
∂x2 + νy
∂2h
∂y2 − K∇
4h. (25)
In the Bradley-Harper (BH) equation (25), K is the relaxation rate due to thermally activated surface
self-diffusion [29],
K =
Dsϱnd
N2kBT
, (26)
with the surface self-diffusivity Ds, the surface free energy per unit area ϱ, the areal density of diffusing
atoms nd, the Boltzmann constant kB and the temperature T.
The behavior of Equation (25) shall be analyzed by calculating its Fourier transform. Be ˜ h(k,t) the
Fourier transform of the surface height function h(r,t) with the wave vector k = kxex + kyey and
r = (x,y). Then, Equation (25) can be written as
∂˜ h(k,t)
∂t
=
[
−
(
νxk
2
x + νyk
2
y
)
− K
(
k
2
x + k
2
y
)2]
˜ h(k,t). (27)
Integration of Equation (27) yields
˜ h(k,t) = ˜ h0(k)exp(Rkt), (28)Materials 2010, 3 4819
with the growth rate Rk = −
[
νxk2
x + νyk2
y + K
(
k2
x + k2
y
)2]
. Therefore, spatial frequencies k with
positive Rk grow exponentially in amplitude, whereas those with negative Rk decay exponentially with
time. Because of the positive value of K, surface roughening occurs only for negative νx,y. The
maximum value of Rk is reached for
kc =
√
|min(νx,νy)|
2K
. (29)
Therefore, the Fourier component of the initial roughness spectrum with the wave number kc will grow
fastest, resulting in a wavelike surface pattern with a periodicity
λ =
2π
kc
= 2π
√
2K
|min(νx,νy)|
. (30)
Figure 3. νx,y versus angle of incidence θ, calculated for 500 eV Ar+ irradiation of Si with
j = 1 × 1015 cm−2 s−1, a = 2 nm, σ = 0.8 nm, µ = 0.4 nm, and Y = 2.
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For νx < νy and νx > νy, the wave vector of the observed pattern is kc = kcex and kc = kcey,
respectively. The angular dependence of νx,y for a certain set of microscopic parameters is shown in
Figure 3. At an angle of θ ∼ 73◦, one observes a change from νx < νy to νx > νy what corresponds to
a rotation of the observed ripple pattern from normal to parallel with respect to the projected direction
of the ion beam. This is demonstrated in Figure 4 which depicts numerical integrations [59] of Equation
(25) at θ = 65◦ (upper row) and θ = 75◦ (lower row) at different times t. This type of pattern rotation
with increasing incident angle has been observed in several experiments [1,36,40,44,60–62]. Some other
predictions of the BH equation, however, are at variance with certain experimental observations:
• The amplitude of the ripples should grow exponentially without saturation. In experiments,
however, saturation of the ripple amplitude at a constant value is observed after an initial
exponential increase [63,64].
• From equations (30), (22), and (23) it follows that λ ∝ j−1/2. In contrast, some experimental
studies report the ripple wavelength λ to be constant with the ion ﬂux j [65].Materials 2010, 3 4820
Figure 4. Numerical integration of the BH equation (25) for the same parameters as in
Figure 3 at θ = 65◦ (upper row) and θ = 75◦ (lower row) and different times t. K was set to
K = 1.
t = 10 t = 200 t = 50
• Furthermore, from the same equations λ follows to be a function of the ion energy E and the
penetration depth a, which again is a function of E. Therefore, one expects the ripple wavelength
to decrease with the ion energy as λ ∝ Ep with the negative exponent p [66]. However, this
behavior is in general only observed at relatively high temperatures [67]. At low and moderate
temperatures, severalstudiesreporttheripplewavelengthtoincreasewithenergy[38,39,44,68,69].
• Equations (30) and (26) indicate a dependence of λ on the sample temperature. However,
in the case of GaAs and InP, such a dependence of the wavelength was only observed at
elevated temperatures whereas λ was found to be constant at room temperature and below [70].
Another study on SiO2 surfaces found λ to be relatively constant with temperature even up to
about 200◦C [71].
• Equation (30) implies that the ripple wavelength λ is independent on the ion ﬂuence Φ and should,
therefore, be constant with sputtering time. Several experiments, however, show an increase of λ
with ﬂuence [9,39–44,72]. This phenomenon is usually referred to as wavelength coarsening.
Several attempts have been made in order to overcome these deﬁciencies of the BH equation and shall
be discussed in the following.Materials 2010, 3 4821
2.3. Nonlinear continuum equations
2.3.1. Kuramoto-Sivashinsky equation
In the series expansion of Equation (18), Bradley and Harper considered only linear terms. Cuerno
and Barab´ asi, however, took the expansion to lowest nonlinear order resulting in [33]
∂h
∂t
= −v0 + γ
∂h
∂x
+ νx
∂2h
∂x2 + νy
∂2h
∂y2
+
ζx
2
(
∂h
∂x
)2
+
ζy
2
(
∂h
∂y
)2
− K∇
4h + η. (31)
The additional nonlinear terms in this equation are non-conserved Kardar-Parisi-Zhang (KPZ)
nonlinearities [73,74] that incorporate the dependence of the local erosion velocity on the absolute value
of the surface slopes. Their coefﬁcients are given by [45]
ζx = F
c
2f4
[
a
8
σa
2
µs
4 (
3 + 2c
2)
+ 4a
6
σa
4
µs
2c
2 − a
4
σa
6
µc
4 (
1 + 2s
2)
−f
2 (
2a
4
σs
2 − a
2
σa
2
µ
(
1 + 2s
2))
− a
8
σa
4
µs
2c
2 − f
4]
, (32)
ζy = F
c
2f2
[
a
4
σs
4 + a
2
σa
2
µc
2 − a
4
σa
2
µc
2 − f
2]
. (33)
In order to account for the stochastic arrival of the ions, the Gaussian white noise term η, deﬁned as
⟨η(r,t)η(r
′,t
′)⟩ = 2Dηδ
d(r − r
′)δ(t − t
′), (34)
was added. Here, Dη is the strength of the noise and d the dimension of the surface.
Equation (31) is an anisotropic stochastic generalization of the so-called Kuramoto-Sivashinsky
(KS) equation which was originally proposed to describe chemical waves [31] and the propagation of
ﬂame fronts [32]. For short sputtering times, this equation behaves like the linear BH equation with
an exponential increase of the ripple amplitude and constant ripple wavelength. Then, at a certain
transition time
tc ∝
K
ν2
x,y
ln
(
νx,y
ζx,y
)
, (35)
the surface enters a nonlinear regime and a saturation of the ripple amplitude as in the experiments is
observed [34]. However, numerical analyses of the noisy KS equation in 1 + 1 and 2 + 1 dimensions
show that the saturation of the ripple amplitude is accompanied by a transition to kinetic roughening
[34,35]. In this regime, the surface does not exhibit any lateral order. Although such a transition has
been observed in few experiments [36], it is at variance with several other experimental reports of a
pattern conservation at high ﬂuences [37–39].
2.3.2. Damped Kuramoto-Sivashinsky equation
Inspired by the observation of stationary patterns in numerical simulations of the isotropic damped
KS (dKS) equation by Paniconi and Elder [75], Facsko et al. adopted this equation for normal incidence
ion sputtering [46]. The isotropic dKS equation is frequently used to describe different processes likeMaterials 2010, 3 4822
compact electrodeposition growth [76] or directional solidiﬁcation [75]. For oblique ion sputtering,
however, the anisotropic dKS equation must be applied:
∂h
∂t
= −v0 − αh + γ
∂h
∂x
+ νx
∂2h
∂x2 + νy
∂2h
∂y2
+
ζx
2
(
∂h
∂x
)2
+
ζy
2
(
∂h
∂y
)2
− K∇
4h + η. (36)
This equation differs from the undamped KS equation (31) just by the additional damping term
−αh with α being a damping coefﬁcient that enters the effective growth rate of the ripple amplitude
R∗
kc = Rkc −α. This damping term induces smoothing of all spatial frequencies and, therefore, prevents
kinetic roughening.
In the case of sputter erosion, the damping term in Equation (36) violates the translational invariance
of the surface in the erosion direction. However, translational invariance can be restored by replacing the
term −αh by −α(h − ¯ h) with ¯ h being the mean height of the surface and thus transforming Equation
(36) into a nonlocal dKS equation [46] which again, as has been demonstrated [77], can be exactly
mapped to a local dKS equation. The physical meaning of α, however, is still not clear in the case of
sputter erosion.
The dKS equation has been extensively studied in numerical simulations [46,77–80]. It is not only
abletoshowstationarypatternsinthelong-timelimitbutalsotoreproduceotherfeaturesofexperimental
patternslikecertainpatterndefects[46]ortheformationofstructuredislands[80]. However, noevidence
for wavelength coarsening as observed in several experiments [9,11,12,39–44] has been found yet [79].
2.3.3. General continuum equation
Although Equation (31) includes KPZ-like nonlinearities, other higher order terms are neglected [33].
The most general nonlinear equation that results from the expansion of Equation (18) is given by [45]
∂h
∂t
= −v0 + γ
∂h
∂x
+
∑
i=x,y
{
−νi
∂2h
∂i2 + ζi
(
∂h
∂i
)2
+ Ωi
∂2
∂i2
∂
∂x
h+
ξi
(
∂h
∂x
)(
∂2h
∂i2
)}
+
∑
i,j=x,y
{
−Dij
∂2
∂i2
∂2
∂j2h
}
− K∇
4h + η. (37)Materials 2010, 3 4823
The coefﬁcients of the additional linear and nonlinear terms then read
Ωx = −Fa
2 3
6f2
s
a2
µ
[
f
2 − fa
4
σc
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Actually, the ξ and Ω terms in Equation (37) have already been derived in reference [33] but were
neglected since their inﬂuence on the asymptotic scaling of the surface was assumed to be of minor
importance. The terms with the coefﬁcients Dij enter Equation (37) in the form of diffusion-like terms
proportional to the fourth derivative of the height function and thus lead to an additional anisotropic
smoothing of the surface. Therefore, this relaxation mechanism is usually called effective or ion-induced
surface diffusion (ISD) [81]. However, it is important to note that ISD results from preferential erosion
during the sputtering which appears as a reorganization of the surface and does not involve any mass
transport along the surface. Thus, ISD is strictly speaking no diffusion mechanism. This is also displayed
by the fact that the coefﬁcient Dxx might even become negative at large incident angles, leading to an
additional instability of the surface [81].
Since ISD does not depend on the temperature (cf. equations (42) - (44)), this smoothing mechanism
is able to explain the temperature independence of the wavelength at low temperatures where thermal
diffusion can be neglected. In this case, the ripple wavelength is given by
λISD = 2π
√
2Dxx/yy
|min(νx,νy)|
. (45)
From Equations (22), (23), (42), (43) and (45) it follows that the wavelength at low temperatures
does no longer depend on the ion ﬂux. Moreover, with a, µ, and σ being proportional to E2m [54],
we ﬁnd λISD ∝ E2m and, therefore, an increase of λISD with the ion energy. At high temperatures,
however, thermal diffusion becomes the dominating smoothing mechanism and the wavelength follows
from Equation (30). Hence, with the incorporation of ISD into Equation (37), one is able to explain theMaterials 2010, 3 4824
experimentally observed ﬂux and temperature independence of the wavelength, as well as its increase
with ion energy. However, the ﬂuence dependence of the ripple wavelength as observed in some
experiments [9,39–44,72] still cannot be explained by the general continuum equation.
In the special case of normal ion incidence, the general continuum equation (37) is reduced to
the isotropic stochastic KS equation with γ = ξx = ξy = Ωx = Ωy = 0, νx = νy, ζx = ζy,
and Dxx = Dyy = Dxy/2. For off-normal incidence, however, Equation (37) has a highly nonlinear
character with a rich parameter space which might lead to rather complex morphologies and dynamic
behaviors. Although some general features of Equation (37) have been studied [45], its detailed behavior,
and especially the role of the additional nonlinearities with the coefﬁcients ξx,y, is still to be investigated.
2.3.4. Coupled two-ﬁeld model
In order to overcome the inability of the KS-type Equations (31), (36), and (37) to predict ripple
coarsening, Mu˜ noz-Garc´ ıa and co-workers recently developed a new nonlinear model following a
hydrodynamic approach [49]. In this approach, Mu˜ noz-Garc´ ıa et al. considered two coupled ﬁelds
∂h
∂t
= −Γex + Γad, (46)
∂R
∂t
= (1 − ϕ)Γex − Γad + K∇
2R, (47)
where h and R represent the surface height function and the thickness of the mobile surface adatom
layer, respectively. Here, ¯ ϕ = (1 − ϕ) is the fraction of eroded adatoms that become mobile, Γex is the
curvature dependent erosion rate and Γad is the rate of addition to the immobile bulk. Γad is given by
Γad = γ0
[
R − Req
(
1 − γ2x
∂2h
∂x2 − γ2y
∂2h
∂y2
)]
, (48)
with the mean nucleation rate for a ﬂat surface γ0, the variation in the nucleation rate with the
surface curvatures γ2x,y, and the thickness of the layer of mobile atoms generated thermally without
bombardment Req. Γex follows from microscopic derivations [50,82],
Γex = α0
[
1 + α1x
∂h
∂x
+ ∇
(
α2∇h
)
+
∂
∂x
∇
(
α3∇h
)
+ ∇
(
α4∇∇
2h
)
+
∂
∂x
h∇
(
α5∇h
)
+ ∇h
(
α6∇h
)]
. (49)
The coefﬁcients αi of Equation (49) are 2 × 2 diagonal matrices, except α4 =
[
α4xx α4xy
α4yx α4yy
]
. In the
framework of Sigmund’s theory of sputtering, these coefﬁcients can be related to those of the general
Equation (37) so that α0 = v0, α1x = −γ/v0, α2x,y = −νx,y/v0, α3x,y = −Ωx,y/v0, α4ij = −Dij/v0,
α5x,y = −ξx,y/v0, and α6x,y = −ζx,y/v0.Materials 2010, 3 4825
Equations (46)-(49) can be approximated by performing a multiple scale expansion with a subsequent
adiabatic elimination of R. This results in an equation similar to the general continuum equation (37)
but with additional conserved KPZ nonlinearities [49]:
∂h
∂t
= −v0 + γ
∂h
∂x
+
∑
i=x,y
{
−νi
∂2h
∂i2 + ζ
(1)
i
(
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∂i
)2
+ Ωi
∂2
∂i2
∂
∂x
h
+ξi
(
∂h
∂x
)(
∂2h
∂i2
)}
−
∑
i,j=x,y
{
Kij
∂2
∂i2
∂2
∂j2h + ζ
(2)
ij
∂2
∂i2
(
∂h
∂j
)2}
. (50)
The coefﬁcients of the coupled two-ﬁeld (C2F) model differ from those of the general equation and are
given by [82]
γ = −ϕα0α1x, (51)
νx = ϕα0α2x −
α2
0
γ0
¯ ϕϕα
2
1x, (52)
νy = ϕα0α2y, (53)
ζ
(1)
i = −ϕα0α6i, (54)
Ωi = α0
[
−ϕα3i
( ¯ ϕK
γ0
− ϕReqγ2i
)
α1x
]
, (55)
ξi = ϕα0α5i, (56)
Kij = KReqγ2i + α0
[
ϕα4ij −
(
K¯ ϕ
γ0
− ϕReqγ2i
)
α2j
]
, (57)
ζ
(2)
ij = −α0
( ¯ ϕK
γ0
− ϕReqγ2i
)
α6j. (58)
The main novelty of the C2F model is the incorporation of redeposition of eroded material to the
surface with the parameter ϕ controlling the amount of redeposited atoms. A key feature of this model
is the presence of ripple coarsening which is probably induced by the conserved KPZ nonlinearity
[49,50,83]. Depending on the ratio between the coefﬁcients of the conserved and the nonconserved
KPZ terms, i.e., ζ
(1)
i and ζ
(2)
ij , very different time dependencies of the ripple wavelength have been
observed, ranging from marginal logarithmic to strong power-law coarsening. Moreover, in agreement
with some experiments [9,11,12,39,41,44,84], the observed coarsening is interrupted at a certain time
and the wavelength saturates at a constant value [49,50].
3. Morphology of Ion-sputtered Si Surfaces
Because of its great technological relevance, e.g., in micro- and nanoelectronics, silicon has attracted
considerable attention during the last decades as an interesting material for nanopatterning by ion erosion
[3,5,9,11,14,38,42,43,72,85–91]. Thus, pattern formation on Si surfaces under various experimental
conditions is well studied. However, the morphology of ion-sputtered Si surfaces exhibits some rather
peculiar features and thus represents an interesting challenge for comparison with continuum theories.
In this section, the morphology development of the Si surface during sub-keV ion sputtering will be
summarized and discussed in the context of the different continuum models and in view of potential
applications in thin ﬁlm growth.Materials 2010, 3 4826
Figure 5. AFM images of Si surfaces after sputtering with 500 eV Ar ions under
different angles θ: (a) θ = 30◦, Φ = 5.7 × 1018 cm−2, height scale 2 nm; (b) θ = 50◦,
Φ = 2 × 1018 cm−2, height scale 3 nm; (c) θ = 55◦, Φ = 2 × 1018 cm−2, height scale 3 nm;
(d) θ = 67◦, Φ = 1.7×1018 cm−2, height scale 10 nm. The size of the images is 1×1 µm2;
the ion beam was entering from the left.
a
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3.1. The role of the incident angle: smoothing vs. roughening
Figure 5 depicts AFM images of Si surfaces sputtered with 500 eV Ar ions at room temperature and
different incident angles θ. At rather low incident angles θ . 50◦ (Figure 5(a,b)), the Si surface remains
ﬂat. At a slightly larger incident angle of θ = 55◦ (Figure 5(c)), however, the formation of shallow
and rather disordered ripples that are oriented normal to the direction of the ion beam is observed. The
wavelength of these ripples is about 50 nm. A further increase of the incident angle to θ = 67◦ leads to
a well ordered pattern of long homogeneous ripples with a periodicity of about 35 nm.
The observation that the Si surface remains ﬂat at small incident angles is at variance with the
BH model and most of its nonlinear extensions which predict an instability of the surface during ion
sputtering independent of the experimental parameters. Carter and Vishnyakov explained a similar
observation on Si surfaces bombarded with Xe ions of 10 to 40 keV energy as caused by an additional
ion-induced mass transport along the surface that acts mainly at normal and near-normal incidence
but is of minor importance at larger incident angles [9]. This so-called ballistic diffusion can also be
introduced into the BH equation where it results in an additional smoothing term proportional to ∇2h
[9,92]. A similar mechanism has also been proposed for lower ion energies [92]. On the other hand,
other experimental studies report dot and ripple pattern formation on Si surfaces also under normal and
near-normal ion incidence [11,38,93,94]. However, recent experiments indicate that pattern formationMaterials 2010, 3 4827
under these low incidence conditions requires the presence of metal contaminations on the surface that
may originate from the ion source [95] or the sample holder [96,97]. It has also been demonstrated that
the resulting morphology of the Si surface can be tuned by varying the amount of metal contaminations
during the sputtering [95,97]. A possible explanation for this so-called seeding effect invokes local
variations of the sputter yield along the surface due to the segregation of deposited metal atoms that
have a different component yield than Si [96]. A similar mechanism could also be responsible for the
formation of dot patterns on compound semiconductors since there, preferential sputtering induces a
form of ”internal seeding” due to the enrichment and segregation of one atomic species on the surface.
It has been shown theoretically that preferential sputtering can lead to a compositional modulation of the
rippled surfaces of compound materials with the ripple crests having a different chemical composition
than the valleys [98]. Since ion bombardment leads to an increase of the number of free bonds on the Si
surface, also silicide formation could occur which would again alter the surface chemistry and thus also
lead to a variation of the local sputter yield [96,99]. However, the presence of silicides on the sputtered
Si surface could not be veriﬁed yet [95,96]. Also an increase of surface stress due to the seed atoms has
been suggested as a possible origin of the dot patterns, a hypothesis that is supported by the experimental
observation of tensile stress development in the presence of seeding [96,100].
With increasing angle of incidence, the BH model and the resulting linear and nonlinear continuum
equations predict a rotation of the ripple pattern from normal to parallel with respect to the ion
beam. Although this ripple rotation has been conﬁrmed on various materials like metals [40,61], SiO2
[1,44,60,62], and graphite [36], the formation of ripple patterns oriented parallel to the direction of
the ion beam at grazing incidence seems to be suppressed on Si surfaces at room temperature, so that
only shallow anisotropic structures have been observed [101,102] that do not resemble the well ordered
patterns obtained at elevated sample temperature [5,72]. However, recent experiments by Mollick and
Ghose [103] showed that the formation of a clearly developed rotated ripple pattern under 80◦ incidence
can be induced also at room temperature by a chemical pre-roughening of the Si surface which is known
to inﬂuence the dynamics of the pattern development [45,91].
3.2. Evolution of the surface morphology
The various continuum models discussed in section 2.3 make different predictions for the temporal
evolution of the surface morphology especially in the limit of long times where nonlinearities dominate.
Therefore, the ﬂuence dependence of certain parameters that characterize the surface morphology, e.g.,
the ripple amplitude and wavelength, is of particular importance for identifying a potential continuum
description of the given experimental system. In addition, as will be shown below, the ion ﬂuence is also
a crucial parameter for the optimization of the pattern quality which therefore directly affects possible
applications of the nanopatterned surfaces. Thus, in this section, the morphology evolution of Si surfaces
will be discussed in detail for the example of sub-keV sputtering under 67◦ incidence. At this incident
angle, the formed ripple patterns exhibit the highest quality, a fact that might be correlated with the
maximum of the sputter yield in this angular region.Materials 2010, 3 4828
Figure 6. AFM images of Si(100) after sputtering with 300 eV Ar+ ions at ﬂuences
Φ = 1 × 1017 (a,d), 5 × 1017 (b,e), and 1 × 1019 cm−2 (c,f). Height scales are 7 nm
(a), 10 nm (b), 16 nm (c), 8 nm (d), 13 nm (e), and 28 nm (f). The size of the images is
1 × 1 µm2 (a–c) and 5 × 5 µm2 (d–f), respectively; the ion beam was entering from the left.
Insets: corresponding FFT ranging from -75 to +75 µm−1 (a–c) and from -4 to +4 µm−1
(d–f) [39].
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3.2.1. Formation of two ripple modes
Figure 6(a–c) shows AFM images of the Si surface obtained after 300 eV bombardment with different
ﬂuences. At low ﬂuence (Figure 6(a), Φ = 1 × 1017 cm−2), the surface exhibits a pattern of shallow
ripples oriented normal to the ion beam projection. In the following this pattern is called normal pattern.
The two-dimensional Fourier transform (FFT) of this image (see inset of Figure 1(a)) shows two clearly
separated side peaks. The position of the side peaks corresponds to the periodicity of the pattern, yielding
a normal wavelength λn ∼ 20 nm. With increasing ﬂuence (Figure 6(b), Φ = 5 × 1017 cm−2),
corrugations overlay the normal pattern and get more pronounced until they become the dominating
feature of the surface (Figure 6(c), Φ = 1×1019 cm−2). At higher ﬂuences, the surface reaches a steady
state with reduced order and quality of the normal ripples.
Larger area AFM scans (Figure 6(d–f)) reveal that the corrugations overlaying the normal pattern
become anisotropic with increasing ﬂuence and ﬁnally form a quasi-periodic pattern at high ﬂuences,
which is oriented parallel to the beam direction (Figure 6(f)). This pattern is referred to as parallel
pattern. Although the parallel pattern exhibits a much lower degree of order, side peaks can be identiﬁed
(indicated by the white arrows) in the FFT, as shown in the inset of Figure 6(f). The side peaks indicateMaterials 2010, 3 4829
Figure 7. Evolution of (a) normal wavelength λn, (b) parallel periodicity λp, and (c) ratio
of parallel to normal periodicity λp/λn over ﬂuence for 300 eV and 500 eV. The solid lines
in (a) represent power law ﬁts, yielding coarsening exponents of n = 0.085 ± 0.006 and
n = 0.084 ± 0.007 for 500 eV and 300 eV, respectively. The dotted lines represent
logarithmic ﬁts [39].
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the quasi-periodicity of the parallel pattern and their position yields a much larger spatial periodicity of
λp ∼ 900 nm.
In Figure 7(a) the ﬂuence dependence of the normal wavelength λn, determined from the FFT of
each AFM image, is depicted. Interrupted wavelength coarsening following a power law or logarithmic
dependence is observed as soon as the ripple pattern is formed. Since wavelength coarsening is a
nonlinear phenomenon, this indicates that nonlinearities start to dominate the surface evolution so early
that no purely linear regime can be observed in the current experiments. In addition, λn is found toMaterials 2010, 3 4830
increase with ion energy, indicating that ion-induced diffusion is the dominating smoothing process (cf.
Section 2.3). This is also in agreement with the observed independence of λn on the ion ﬂux. The
evolution of λp is shown in Figure 7(b). Again, coarsening is observed. Figure 7(c) depicts the ratio of
the wavelengths λp/λn. This ratio is quite constant in the investigated ﬂuence range, indicating that both
ripple modes exhibit similar coarsening behavior.
Figure 8. Surface roughness w (a) and ripple amplitude A (b) versus ﬂuence. The solid
lines in (a) represent power law ﬁts, yielding growth exponents of β = 0.28 ± 0.03 and
β = 0.27 ± 0.02 for 500 eV and 300 eV, respectively [39,104].
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The evolution of the root-mean-square (rms) surface roughness w which describes the ﬂuctuations of
surface heights around the mean height and was calculated from the AFM images is shown in Figure 8.
For both ion energies, w increases following a power law until it saturates at high ﬂuences. One should
note, however, that the rms roughness is not determined by the amplitude of the normal ripple pattern but
rather by the larger corrugations and the parallel pattern, respectively. This is shown in Figure 8(b) that
depicts the evolution of the ripple amplitude A, deﬁned as the half of the average peak-to-peak height of
the ripples, for the case of 500 eV sputtering. In the low ﬂuence regime, the amplitude A is increasing
from initially 0.4 nm to a maximum value of about 0.8 nm at Φ ≃ 5 × 1017 cm−2. For higher ﬂuences,
the amplitude decreases again and ﬁnally saturates at a value of Asat ≃ 0.6 nm. A similar overshooting
before saturation has already been observed in previous experiments under normal ion incidence [37]
and simulations of the anisotropic KS equation [34]. However, in contrast to the surface evolution in
the KS equation, the experimentally observed saturation of the ripple amplitude is not accompanied by
a loss of lateral order as is evident from Figure 6 which clearly shows a conservation of the pattern evenMaterials 2010, 3 4831
at highest ﬂuences. In combination with the observed interrupted wavelength coarsening, this suggests
the C2F model as a potential description of the ripple formation and evolution on Si surfaces under these
experimental conditions.
3.2.2. Dynamic scaling behavior
In the C2F model, with the interruption of the coarsening the surface enters a long-time regime that
exhibits kinetic roughening at large lateral scales and a preservation of the ripple pattern at small scales
[83]. Such a behavior is also seen in the experimental results presented in Figure 6. A kinetically rough
surface is invariant under appropriate rescaling of its lateral and vertical dimensions and the time t [74].
This results in a certain behavior of its surface roughness w(l,t) = ⟨[h(⃗ r,t) − ⟨h(⃗ r,t)⟩l]2⟩
1/2
l where
h(⃗ r,t) is the surface height function, l is the size of the observation window over which w has been
calculated, andtheangularbracketsdenotespatialaveraging. InthecaseofFamily-Vicsek(FV)dynamic
scaling [105], the roughness should scale as w(l,t) ∼ tβ until the correlation length ξ(t) ∼ t1/z has
reached the window size l. Then, the roughness will saturate with the saturation value depending on the
window size, w(l) ∼ lα. The roughness exponent α, the growth exponent β, and the dynamic exponent
z = α/β characterize the surface in space and time and can be used to attribute the system to a certain
universality class and, therefore, to a certain continuum equation [74]. With this intention, the dynamic
scaling behavior of the ion-sputtered Si surface has been analyzed by evaluating its one-dimensional
structure factor. According to the dynamic scaling hypothesis [74], the one-dimensional structure factor
should obey the relation
S(k,t) = k
−(2α+1)s(kt
1/z) (59)
with the scaling function s(u) ∼ u2α+1 and s(u) ∼ const. for u ≪ 1 and u ≫ 1, respectively. In the
case of anisotropic surfaces, this behavior is modiﬁed and the surface is characterized in the normal and
parallel direction in real and momentum space by four different roughness exponents [106]. However,
for kt1/z ≫ 1, the dynamic scaling behavior of the one-dimensional structure factor can still be described
by Equation (59) [104,106].
The structure factor Sp(kp) calculated in the direction parallel to the ion beam is given in Figure 9(a).
For Φ ≥ 5×1016 cm−2, a peak appears at the spatial frequency k∗
p corresponding to the wavelength λ of
the ripple pattern. For kp ≫ k∗
p, the Sp curves all collapse. The slope m (in the log-log plot) of the curves
in this regime is about −4, corresponding to a roughness exponent of 1.5. With increasing ﬂuence, the
ripples coarsen and the position of the peak is shifting to smaller kp values. Also the structure factor
increases with ﬂuence for kp ≪ k∗
p and a second scaling regime develops at high ﬂuences. Here, the
roughness exponent was determined to be αp = 0.41 ± 0.04. In Figure 9(b), the structure factor curves
in the direction normal to the ion beam, Sn(kn), are depicted for different ﬂuences. At large values of
kn, the data is consistent with a slope m = −4. At small kn values, Sn(kn) again increases with ﬂuence
and until a power-law behavior with a roughness exponent αn = 0.76 ± 0.04 appears at high ﬂuences.
The observed peak in the structure factor Sp in the direction parallel to the ion beam with the -4
slope at large kp values (cf. Figure 9(a)) indicates the presence of a KS like instability in this direction
[35]. The orientation of the ripples with respect to the incident ion beam is determined by the signs
of the linear coefﬁcients: the wave vector of the observed ripple structure is parallel to the directionMaterials 2010, 3 4832
with the smallest negative ν (cf. section 2.2). Therefore, for the here presented experiment νp < νn.
In the direction normal to the ion beam, the experimental Sn curves shown in Figure 9(b) do not
exhibit a local maximum. The determined low-ﬂuence behavior for the n direction Sn(kn) ∼ k−4
n
corresponds to the scaling behavior of the one-dimensional linear molecular beam epitaxy (lMBE)
equation with αlMBE = 3/2 [74]. This indicates that the very short-distance behavior of the sputtered
Si surface is dominated by the diffusion term. This behavior holds even at the highest applied ﬂuence of
Φ = 1 × 1020 cm−2 without any noticeable crossover. This indicates that |νn| ≈ 0 [104].
Figure 9. Structure factors Sp,n(kp,n) in the direction parallel (a) and normal (b) to the ion
beam at different ﬂuences. The solid straight lines correspond to Sp,n ∼ km
p,n [104].
10
-2
10
-1
10
0
10
-3
10
-1
10
1
10
3
 5x10
17
 cm
-2
 1.7x10
18
 cm
-2
 2x10
19
 cm
-2
 1x10
20
 cm
-2
 1x10
16
 cm
-2
 5x10
16
 cm
-2
 1x10
17
 cm
-2
 k
p
 (nm
- 1
)
 k
n
 (nm
- 1
)
(b)
 
 
m = -2.5 
S
n
 
(
n
m
3
)
m = -4 
10
-2
10
-1
10
0
10
-3
10
-2
10
-1
10
0
10
1
10
2
 5x10
17
 cm
-2
 1.7x10
18
 cm
-2
 2x10
19
 cm
-2
 1x10
20
 cm
-2
m = -4 
(a)
m = -1.8 
 1x10
16
 cm
-2
 5x10
16
 cm
-2
 1x10
17
 cm
-2
 
 
S
p
 
(
n
m
3
)
In the limit of high ﬂuences Φ ≥ 1019 cm−2, the morphology of the Si surface exhibits anisotropic
algebraic scaling at large lateral scales with αn = 0.76 and αp = 0.41. The KS equation (31) is not able
to reproduce such an anisotropic scaling behavior since the only term breaking the x → −x symmetry
is the one with the coefﬁcient γ which acts only at rather short length scales. On the other hand, the
dispersive nonlinearities with the coefﬁcients ξx,y that appear both in the general continuum equation
(37) and in the C2F model (50) have been found to induce anisotropic scaling under certain conditions
[106]. Therefore, the appearance of anisotropic scaling supports above assumption of the C2F model
being a suitable description of the Si surface during sub-keV ion sputtering [104].Materials 2010, 3 4833
3.2.3. Dynamics of topological pattern defects
In view of possible applications of the nanorippled Si surfaces, the appearance of kinetic roughening,
i.e., of a disordered state, at high ﬂuences is not favorable since most of these applications rely on a
well-ordered homogeneous pattern. Therefore, the applied ion ﬂuence is an important parameter in the
fabrication of nanopatterned surfaces and vital for optimizing their quality.
Figure 10. (a) AFM image of a rippled Si surface with a bifurcation (B) and an interstital
(I). The size of the image is 400 × 400 nm2. (b) Evolution of the normalized density of
pattern defects ND for 500 and 300 eV Ar sputtering of Si under 67◦ incidence [107].
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The quality of the ripple patterns can be quantiﬁed by calculating a normalized density of topological
pattern defects from the AFM images [86,103,107]. In this context, topological pattern defects means
either a bifurcation (B) of a ripple, i.e., a Y junction of ripples, or an interstitial (I), i.e., a discontinuous
or broken ripple. Figure 10(a) shows an AFM image of the rippled Si surface in which these defect types
are indicated.
The procedure of determining the normalized density of topological pattern defects is demonstrated
in Figure 11. In order to determine the total number of defects of a given AFM image (Figure 11(a)), the
image is Fourier-ﬁltered to remove the long-wavelength surface morphology (Figure 11(b)). The ﬁltered
image is then converted into a binary image by applying Otsu’s threshold [108] (Figure 11(c)). Finally,
the ripples in the binary image are thinned to lines of one pixel width (Figure 11(d)). Then, every black
pixel with more or less than two black neighboring pixels is counted as a defect. The normalized density
of defects is then calculated as ND = Nλ2/AS with the total number of defects N of the image, the
ripple periodicity λ, and the scan area AS. A value of ND = 0 then corresponds to a perfect pattern
without any defects and ND = 1 to a pattern in which each ripple contains one defect per length λ.
Following this approach, the normalized density of pattern defects ND has been calculated for
different ﬂuences in order to monitor the evolution of the pattern quality. The result is shown in Figure
10(b). The ND values are comparable for both energies, although in average ND appears to be slightly
lower for 300 eV than for 500 eV. At the lowest ﬂuence Φ = 5×1016 cm−2, the normalized defect density
is around 0.3. With increasing ﬂuence, ND decreases until it reaches a minimum value of ND ∼ 0.1
(500 eV) and 0.07 (300 eV) at a ﬂuence of Φ ∼ 2 × 1018 cm−2. This decrease of ND is caused by theMaterials 2010, 3 4834
growth of the ripple length and the annihilation of pattern defects due to a complex interplay of different
”annealing” processes [107]. At higher ﬂuences, ND increases again until it saturates at Φ ∼ 1019 cm−2
at a value of ND ∼ 0.28. This increase results from the appearance of kinetic roughening which induces
a certain disorder in the pattern that leads to the formation of ”defect clusters” [107]. Interestingly, the
coarsening of the ripple wavelength does not seem to be related to the evolution of the pattern defects
(cf. Figures 7(a) and 10(b)). This is in contrast to other experimental systems like Pt(111) surfaces under
grazing incidence sputtering where rapid coarsening proceeds due to the annihilation of defects [109].
Figure 11. AFM image (a) after Fourier-ﬁltering (b), conversion into a binary image (c) and
thinning the ripples to single pixel lines (d). The size of the images is 1 × 1 µm2.
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These results demonstrate the inﬂuence of the applied ﬂuence not only on the ripple amplitude and
wavelengthbutalsoonthepatternquality. Therefore, inordertofabricatepatternsofacertainperiodicity
in the highest quality possible, the interplay between ﬂuence, energy, pattern wavelength, and pattern
quality needs to be known.
4. Summary
We have presented an overview of the continuum approach to ion-induced pattern formation on
amorphous surfaces. The predictions of the various linear and nonlinear continuum models have been
discussed and compared to experimental observations with a special focus on sub-keV ion sputtering
of Si surfaces. Because of its potential applications, pattern formation on Si surfaces induced by
low-energy sputtering has been investigated excessively during the last two decades. These studies
revealed several peculiarities of the morphology of sputtered Si surfaces such as the stability of the ﬂatMaterials 2010, 3 4835
surfaceatnear-normalincidence, (interrupted)wavelengthcoarseningortheabsenceofapatternrotation
with increasing angle of incidence. In addition, contradictory observations have been reported, e.g., the
occurrence of smoothing and roughening at small incident angles, respectively.
Recent experimental ﬁndings such as the importance of metal contaminations during the sputtering,
delivered further insight into the basic mechanisms of ion-induced pattern formation on Si surfaces. In
addition, novel and elaborated theoretical models provided new explanations for certain experimental
observations, e.g., wavelength coarsening or the occurrence of anisotropic scaling. Therefore, a rather
coherent picture of the morphology of ion-sputtered Si surfaces has developed during the last few years.
However, at the same time new challenges, both experimental and theoretical ones, have appeared,
among them the control of surface contaminations and the investigation of its detailed effects on the
morphology development which might enable the fabrication of novel nanopatterned surfaces.
On the other hand, the application of nanorippled Si substrates in various ﬁelds of modern materials
science, especially in nanoscale magnetism and plasmonics, is developing tremendously and demands
for a precise control over the fabricated patterns. Besides the tuning of the wavelength and the amplitude,
the quality, order, and regularity of the patterns is becoming more and more important since the order has
a strong effect on the degree of the induced functional anisotropy. Providing nanopatterned substrates of
high quality and with tailored properties has thus become a major experimental issue.
Acknowledgements
We thank W. M¨ oller and R. Cuerno for helpful discussions. AK acknowledges ﬁnancial support from
the Alexander von Humboldt Foundation.
References
1. Navez, M.; Sella, C.; Chaperot, D. ´ Etude de l’attaque du verre par bombardement ionique. C. R.
Acad. Sci. Paris 1962, 254, 240-248.
2. Lewis, G.W.; Nobes, M.J.; Carter, G.; Whitton, J.L. Themechanismsofetchpitandripplestructure
formation on ion bombarded Si and other amorphous solids. Nucl. Inst. Meth. Phys. Res. B 1980,
170, 363-369.
3. Carter, G.; Nobes, M.J.; Paton, F.; Williams, J.S.; Whitton, J.L. Ion bombardment induced ripple
topography on amorphous solids. Radiat. Eff. Defects Solids 1977, 33, 65-73.
4. Vasiliu, F.; Teodorescu, I.A.; Glodeanu, F. SEM investigations of iron surface ion erosion as a
function of specimen temperature and incidence angle. J. Mater. Sci. 1975, 10, 399-405.
5. Erlebacher, J.; Aziz, M.J.; Chason, E.; Sinclair, M.B.; Floro, J.A. Spontaneous Pattern Formation
on Ion Bombarded Si(001). Phys. Rev. Lett. 1999, 82, 2330-2333.
6. Chason, E.; Mayer, T.M.; Kellerman, B.K.; McIlroy, D.T.; Howard, A.J. Roughening instability
and evolution of the Ge(001) surface during ion sputtering. Phys. Rev. Lett. 1994, 72, 3040-3043.
7. Rusponi, S.; Costantini, G.; Boragno, C.; Valbusa, U. Ripple Wave Vector Rotation in Anisotropic
Crystal Sputtering. Phys. Rev. Lett. 1998, 81, 2735-2738.
8. Mayer, T.M.; Chason, E.; Howard, A.J. Roughening instability and ion-induced viscous relaxation
of SiO2 surfaces. J. Appl. Phys. 1994, 76, 1633-1643.Materials 2010, 3 4836
9. Carter, G.; Vishnyakov, V. Roughening and ripple instabilities on ion-bombarded Si. Phys. Rev. B
1996, 54, 17647-17653.
10. Facsko, S.; Dekorsy, T.; Koerdt, C.; Trappe, C.; Kurz, H.; Vogt, A.; Hartnagel, H. Formation of
Ordered Nanoscale Semiconductor Dots by Ion Sputtering. Science 1999, 285, 1551-1553.
11. Gago, R.; V´ azquez, L.; Cuerno, R.; Varela, M.; Ballesteros, C.; Albella, J.M. Productionofordered
silicon nanocrystals by low-energy ion sputtering. Appl. Phys. Lett. 2001, 78, 3316-3318.
12. Frost, F.; Schindler, A.; Bigl, F. Roughness Evolution of Ion Sputtered Rotating InP Surfaces:
Pattern Formation and Scaling Laws. Phys. Rev. Lett. 2000, 85, 4116-4119.
13. Ziberi, B.; Frost, F.; Rauschenbach, B. Pattern transitions on Ge surfaces during low-energy ion
beam erosion. Appl. Phys. Lett. 2006, 88, 173115.
14. Smirnov, V.K.; Kibalov, D.S.; Orlov, O.M.; Graboshnikov, V.V. Technology for nanoperiodic
doping of a metal-oxide-semiconductor ﬁeld-effect transistor channel using a self-forming
wave-ordered structure. Nanotechnology 2003, 14, 709-715.
15. Mussi, V.; Granone, F.; Boragno, C.; Buatier de Mongeot, F.; Valbusa, U.; Dodecaneso, V.; Marolo,
T.; Montereali, R.M. Surface nanostructuring and optical activation of lithium ﬂuoride crystals by
ion beam irradiation. Appl. Phys. Lett. 2006, 88, 103116.
16. Mussi, V.; Montereali, R.M.; Nichelatti, E.; Boragno, C.; Buatier de Mongeot, F.; Valbusa, U.
Broad band light-emitting nanostructured substrates by ion beam irradiation of lithium ﬂuoride
crystals. Surf. Sci. 2007, 601, 2746-2749.
17. Bobek, T.; Mikuszeit, N.; Camarero, J.; Kyrsta, S.; Yang, L.; Ni˜ no, M.A.; Hofer, C.; Gridneva,
L.; Arvanitis, D.; Miranda, R.; de Miguel, J.J.; Teichert, C.; Kurz, H. Self-Organized Hexagonal
Patterns of Independent Magnetic Nanodots. Adv. Mat. 2007, 19, 4375-4380.
18. Bobek, T.; Kurz, H. Fabrication of metallic nanomasks by transfer of self-organized nanodot
patterns from semiconductor material into thin metallic layers. Nucl. Inst. Meth. Phys. Res. B
2007, 257, 771-776.
19. Bisio, F.; Moroni, R.; Buatier de Mongeot, F.; Canepa, M.; Mattera, L. Isolating the Step
Contribution to the Uniaxial Magnetic Anisotropy in Nanostructured Fe/Ag(001) Films. Phys.
Rev. Lett. 2006, 96, 057204.
20. Liedke, M.O.; Liedke, B.; Keller, A.; Hillebrands, B.; M¨ ucklich, A.; Facsko, S.; Fassbender, J.
Induced anisotropies in exchange-coupled systems on rippled substrates. Phys. Rev. B 2007,
75, 220407(R).
21. Fassbender, J.; Strache, T.; Liedke, M.O.; Mark´ o, D.; Wintz, S.; Lenz, K.; Keller, A.; Facsko, S.;
M¨ onch, I.; McCord, J. Introducing artiﬁcial length scales to tailor magnetic properties. New J.
Phys. 2009, 11, 125002.
22. K¨ orner, M.; Lenz, K.; Liedke, M.O.; Strache, T.; M¨ ucklich, A.; Keller, A.; Facsko, S.; Fassbender,
J. Interlayer exchange coupling of Fe/Cr/Fe thin ﬁlms on rippled substrates. Phys. Rev. B 2009,
80, 214401.
23. Teichert, C.; de Miguel, J.J.; Bobek, T. Ion beam sputtered nanostructured semiconductor surfaces
as templates for nanomagnet arrays. J. Phys.: Condens. Matter 2009, 21, 224025.
24. Oates, T.W.H.; Keller, A.; Facsko, S.; M¨ ucklich, A. Aligned Silver Nanoparticles on Rippled
Silicon Templates Exhibiting Anisotropic Plasmon Absorption. Plasmonics 2007, 2, 47-50.Materials 2010, 3 4837
25. Camelio, S.; Babonneau, D.; Lantiat, D.; Simonot, L.; Pailloux, F. Anisotropic optical properties
of silver nanoparticle arrays on rippled dielectric surfaces produced by low-energy ion erosion.
Phys. Rev. B 2009, 80, 155434.
26. Oates, T.W.H.; Keller, A.; Noda, S.; Facsko, S. Self-organized metallic nanoparticle and nanowire
arrays from ion-sputtered silicon templates. Appl. Phys. Lett 2008, 93, 063106.
27. Toma, A.; Chiappe, D.; Massab´ o, D.; Boragno, C.; Buatier de Mongeot, F. Self-organized metal
nanowire arrays with tunable optical anisotropy. Appl. Phys. Lett. 2008, 93, 163104.
28. Ranjan, M.; Oates, T.W.H.; Facsko, S.; M¨ oller, W. Optical properties of silver nanowire arrays
with 35 nm periodicity. Opt. Lett. 2010, 35, 2576-2578.
29. Bradley, R.M.; Harper, J.M.E. Theory of ripple topography induced by ion bombardment. J. Vac.
Sci. Technol. A 1988, 6, 2390-2396.
30. Sigmund, P. A mechanism of surface micro-roughening by ion bombardment. J. Mater. Sci. 1973,
8, 1545-1553.
31. Kuramoto, Y.; Tsuzuki, T. Persistent Propagation of Concentration Waves in Dissipative Media
Far from Thermal Equilibrium. Prog. Theor. Phys. 1976, 55, 356-369.
32. Sivashinsky, G.I. On self-turbulization of a laminar ﬂame. Acta Astronaut. 1979, 6, 569-591.
33. Cuerno, R.; Barab´ asi, A.L. Dynamic Scaling of Ion-Sputtered Surfaces. Phys. Rev. Lett. 1995,
74, 4746-4749.
34. Park, S.; Kahng, B.; Jeong, H.; Barab´ asi, A.L. Dynamics of Ripple Formation in Sputter Erosion:
Nonlinear Phenomena. Phys. Rev. Lett. 1999, 83, 3486-3489.
35. Cuerno, R.; Makse, H.A.; Tomassone, S.; Harrington, S.T.; Stanley, H.E. Stochastic Model for
Surface Erosion via Ion Sputtering: Dynamical Evolution from Ripple Morphology to Rough
Morphology. Phys. Rev. Lett. 1995, 75, 4464-4467.
36. Habenicht, S.; Bolse, W.; Lieb, K.P.; Reimann, K.; Geyer, U. Nanometer ripple formation
and self-afﬁne roughening of ion-beam-eroded graphite surfaces. Phys. Rev. B 1999,
60, R2200-R2203.
37. Bobek, T.; Facsko, S.; Kurz, H.; Dekorsy, T.; Xu, M.; Teichert, C. Temporal evolution of dot
patterns during ion sputtering. Phys. Rev. B 2003, 68, 085324.
38. Ziberi, B.; Frost, F.; H¨ oche, T.; Rauschenbach, B. Ripple pattern formation on silicon surfaces by
low-energy ion-beam erosion: Experiment and theory. Phys. Rev. B 2005, 72, 235310.
39. Keller, A.; Roßbach, S.; Facsko, S.; M¨ oller, W. Simultaneous formation of two ripple modes on
ion sputtered silicon. Nanotechnology 2008, 19, 135303.
40. Rusponi, S.; Costantini, G.; Boragno, C.; Valbusa, U. Scaling Laws of the Ripple Morphology on
Cu(110). Phys. Rev. Lett. 1998, 81, 4184-4187.
41. Alkemade, P.F.A.; Jiang, Z.X. Complex roughening of Si under oblique bombardment by
low-energy oxygen ions. J. Vac. Sci. Technol. B 2001, 19, 1699-1705.
42. Datta, D.P.; Chini, T.K. Atomic force microscopy study of 60-keV Ar-ion-induced ripple patterns
on Si(100). Phys. Rev. B 2004, 69, 235313.
43. Datta, D.P.; Chini, T.K. Coarsening of ion-beam-induced surface ripple in Si: Nonlinear effect vs.
geometrical shadowing. Phys. Rev. B 2007, 76, 075323.Materials 2010, 3 4838
44. Keller, A.; Facsko, S.; M¨ oller, W. The morphology of amorphous SiO2 surfaces during low energy
ion sputtering. J. Phys.: Condens. Matter 2009, 21, 495305.
45. Makeev, M.A.; Cuerno, R.; Barab´ asi, A.L. Morphology of ion-sputtered surfaces. Nucl. Inst.
Meth. Phys. Res. B 2002, 197, 185-227.
46. Facsko, S.; Bobek, T.; Stahl, A.; Kurz, H.; Dekorsy, T. Dissipative continuum model for
self-organized pattern formation during ion-beam erosion. Phys. Rev. B 2004, 69, 153412.
47. Aste, T.; Valbusa, U. Ripples and ripples: from sandy deserts to ion-sputtered surfaces. New J.
Phys. 2005, 7, 122.
48. Castro, M.; Cuerno, R.; V´ azquez, L.; Gago, R. Self-Organized Ordering of Nanostructures
Produced by Ion-Beam Sputtering. Phys. Rev. Lett. 2005, 94, 016102.
49. Mu˜ noz-Garc´ ıa, J.; Castro, M.; Cuerno, R. Nonlinear Ripple Dynamics on Amorphous Surfaces
Patterned by Ion Beam Sputtering. Phys. Rev. Lett. 2006, 96, 086101.
50. Mu˜ noz-Garc´ ıa, J.; V´ azquez, L.; Cuerno, R.; S´ anchez-Garc´ ıa, J.A.; Castro, M.; Gago,
R. Self-organized surface nanopatterning by ion beam sputtering. In Toward Functional
Nanomaterials; Wang, Z.M., Ed.; Springer: New York, NY, USA, 2009.
51. Behrisch, R.; Anderson, H.H., Eds. Sputtering by Particle Bombardment I, Topics in Applied
Physics; Springer: Berlin, Germany, 1981.
52. Behrisch, R., Ed. Sputtering by Particle Bombardment II, Topics in Applied Physics; Springer:
Berlin, Germany, 1983.
53. Sigmund, P. Theory of Sputtering. I. Sputtering Yield of Amorphous and Polycrystalline Targets.
Phys. Rev. 1969, 184, 383-416.
54. Gnaser, H. Low Energy Ion Irradiation of Solid Surfaces, 1st ed.; Springer-Verlag: New York, NY,
USA, 1998.
55. Neidhart, T.; Pichler, F.; Aumayr, F.; Winter, H.; Schmid, M.; Varga, P. Potential Sputtering of
Lithium Fluoride by Slow Multicharged Ions. Phys. Rev. Lett. 1995, 74, 5280-5283.
56. Taouﬁk, A.; Chouiyakh, A.; Lang, B. Build-up and annealing of damage produced by low-energy
argon ions at Si(111) surface. Radiat. Eff. Defects Solids 1987, 104, 117-125.
57. Mullins, W.W. Flattening of a Nearly Plane Solid Surface due to Capillarity. J. Appl. Phys. 1959,
30, 77-83.
58. Herring, C. Diffusional Viscosity of a Polycrystalline Solid. J. Appl. Phys. 1950, 21, 437-445.
59. Keller, A.; Facsko, S.; Cuerno, R. Numerical Integrator for Continuum Equations of Surface
Growth and Erosion. In Computational Nanotechnology: Modelling and Applications with
MATLAB; Musa, S.M., Ed.; CRC Press: Boca Raton, FL, USA; in press.
60. Flamm, D.; Frost, F.; Hirsch, D. Evolution of surface topography of fused silica by ion beam
sputtering. Appl. Surf. Sci. 2001, 179, 95-101.
61. Karmakar, P.; Ghose, D. Ion beam sputtering induced ripple formation in thin metal ﬁlms. Surf.
Sci. 2004, 554, L101-L106.
62. Toma, A.; Buatier de Mongeot, F.; Buzio, R.; Firpo, G.; Bhattacharyya, S.; Boragno, C.; Valbusa,
U. Ion beam erosion of amorphous materials: evolution of surface morphology. Nucl. Inst. Meth.
Phys. Res. B 2005, 230, 551-554.Materials 2010, 3 4839
63. Erlebacher, J.; Aziz, M.J.; Chason, E.; Sinclair, M.B.; Floro, J.A. Nonlinear amplitude evolution
during spontaneous patterning of ion-bombarded Si(001). J. Vac. Sci. Technol. A 2000,
18, 115-120.
64. Chason, E.; Erlebacher, J.; Aziz, M.J.; Floro, J.A.; Sinclair, M.B. Dynamics of pattern formation
during low-energy ion bombardment of Si(001). Nucl. Inst. Meth. Phys. Res. B 2001, 178, 55-61.
65. Ziberi, B.; Frost, F.; Rauschenbach, B. Formation of large-area nanostructures on Si and Ge
surfaces during low energy ion beam erosion. J. Vac. Sci. Technol. A 2006, 24, 1344-1348.
66. Chan, W.L.; Chason, E. Making waves: Kinetic processes controlling surface evolution during low
energy ion sputtering. J. Appl. Phys. 2007, 101, 121301.
67. Brown, A.D.; Erlebacher, J. Temperature and ﬂuence effects on the evolution of regular surface
morphologies on ion-sputtered Si(111). Phys. Rev. B 2005, 72, 075350.
68. Habenicht, S. Morphology of graphite surfaces after ion-beam erosion. Phys. Rev. B 2001,
63, 125419.
69. Chini, T.K.; Sanyal, M.K.; Bhattacharyya, S.R. Energy-dependent wavelength of the ion-induced
nanoscale ripple. Phys. Rev. B 2002, 66, 153404.
70. MacLaren, S.W.; Baker, J.E.; Finnegan, N.L.; Loxton, C.M. Surface roughness development
during sputtering of GaAs and InP: Evidence for the role of surface diffusion in ripple formation
and sputter cone development. J. Vac. Sci. Technol. A 1992, 10, 468-476.
71. Umbach, C.C.; Headrick, R.L.; Chang, K.C. Spontaneous Nanoscale Corrugation of Ion-Eroded
SiO2: The Role of Ion-Irradiation-Enhanced Viscous Flow. Phys. Rev. Lett. 2001, 87, 246104.
72. Brown, A.D.; Erlebacher, J.; Chan, W.L.; Chason, E. Transient Topographies of Ion Patterned
Si(111). Phys. Rev. Lett 2005, 95, 056101.
73. Kardar, M.; Parisi, G.; Zhang, Y.C. Dynamic Scaling of Growing Interfaces. Phys. Rev. Lett.
1986, 56, 889-892.
74. Barab´ asi, A.L.; Stanley, H.E. Fractal Concepts in Surface Growth; Cambridge University Press:
New York, NY, USA, 1995.
75. Paniconi, M.; Elder, K.R. Stationary, dynamical, and chaotic states of the two-dimensional damped
Kuramoto-Sivashinsky equation. Phys. Rev. E 1997, 56, 2713-2721.
76. Buceta, J.; Pastor, J.; Rubio, M.A.; de la Rubia, F.J. Small scale properties of the stochastic
stabilized Kuramoto-Sivashinsky equation. Physica D 1998, 113, 166-171.
77. Vogel, S.; Linz, S.J. Continuum modeling of sputter erosion under normal incidence: Interplay
between nonlocality and nonlinearity. Phys. Rev. B 2005, 752, 035416.
78. Vogel, S.; Linz, S.J. How ripples turn into dots: Modeling ion-beam erosion under oblique
incidence. Europhys. Lett. 2006, 76, 884-890.
79. Vogel, S.; Linz, S.J. Surface structuring by multiple ion beams. Phys. Rev. B 2007, 75, 085425.
80. Vogel, S.; Linz, S.J. Formation of structured islands by ion-beam erosion. Phys. Rev. B 2007,
75, 155417.
81. Makeev, M.A.; Barab´ asi, A.L. Ion-induced effective surface diffusion in ion sputtering. Appl.
Phys. Lett. 1997, 71, 2800-2802.
82. Mu˜ noz-Garc´ ıa, J.; Cuerno, R.; Castro, M. Couplingofmorphologytosurfacetransportinion-beam
irradiated surfaces: Oblique incidence. Phys. Rev. B 2008, 78, 205408.Materials 2010, 3 4840
83. Mu˜ noz-Garc´ ıa, J.; Cuerno, R.; Castro, M. Short-range stationary patterns and long-range disorder
in an evolution equation for one-dimensional interfaces. Phys. Rev. E 2006, 74, 050103(R).
84. Mu˜ noz-Garc´ ıa, J.; Gago, R.; V´ azquez, L.; S´ anchez-Garc´ ıa, J.A.; Cuerno, R. Observation and
Modeling of Interrupted Pattern Coarsening: Surface Nanostructuring by Ion Erosion. Phys. Rev.
Lett. 2010, 104, 026101.
85. Elst, K.; Vandervorst, J.; Alay, J.; Snauwaert, J.; Hellemans, L. Inﬂuence of oxygen on the
formation of ripples on Si. J. Vac. Sci. Technol. B 1993, 11, 1968-1981.
86. Cuenat, A.; George, H.B.; Chang, K.C.; Blakely, J.M.; Aziz, M.J. Lateral Templating for Guided
Self-Organization of Sputter Morphologies. Adv. Mater. 2005, 17, 2845-2849.
87. Chini, T.K.; Okuyama, F.; Tanemura, M.; Nordlund, K. Structural investigation of keV
Ar-ion-induced surface ripples in Si by cross-sectional transmission electron microscopy. Phys.
Rev. B 2003, 67, 205403.
88. Hazra, S.; Chini, T.K.; Sanyal, M.K.; Grenzer, J.; Pietsch, U. Ripple structure of crystalline layers
in ion-beam-induced Si wafers. Phys. Rev. B 2004, 70, 121307(R).
89. Grigorian, S.; Pietsch, U.; Grenzer, J.; Datta, D.P.; Chini, T.K.; Hazra, S.; Sanyal, M.K.
Microstructural anisotropy at the ion-induced rippled amorphous-crystalline interface of silicon.
Appl. Phys. Lett. 2006, 89, 231915.
90. Habenicht, S.; Lieb, K.P.; Koch, J.; Wieck, A.D. Ripple propagation and velocity dispersion on
ion-beam-eroded silicon surfaces. Phys. Rev. B 2002, 65, 115327.
91. Karmakar, P.; Mollick, S.A.; Ghose, D.; Chakrabarti, A. Role of initial surface roughness on ion
induced surface morphology. Appl. Phys. Lett. 2008, 93, 103102.
92. Davidovitch, B.; Aziz, M.J.; Brenner, M.P. On the stabilization of ion sputtered surfaces. Phys.
Rev. B 2007, 76, 205420.
93. Ziberi, B.; Frost, F.; Rauschenbach, B.; H¨ oche, T. Highly ordered self-organized dot patterns on Si
surfaces by low-energy ion-beam erosion. Appl. Phys. Lett. 2005, 87, 033113.
94. Ziberi, B.; Frost, F.; Tartz, M.; Neumann, H.; Rauschenbach, B. Ripple rotation, pattern transitions,
and long range ordered dots on silicon by ion beam erosion. Appl. Phys. Lett. 2008, 92, 063102.
95. S´ anchez-Garc´ ıa, J.A.; V´ azquez, L.; Gago, R.; Redondo-Cubero, A.; Albella, J.M.; Czig´ any, Z.
Tuning the surface morphology in self-organized ion beam nanopatterning of Si(001) via metal
incorporation: from holes to dots. Nanotechnology 2008, 19, 355306.
96. Ozaydin, G.; ¨ Ozcan, A.S.; Wang, Y.; Ludwig, K.F.; Zhou, H.; Headrick, R.L.; Siddons, D.P.
Real-time x-ray studies of Mo-seeded Si nanodot formation during ion bombardment. Appl. Phys.
Lett. 2005, 87, 163104.
97. Macko, S.; Frost, F.; Ziberi, B.; F¨ orster, D.F.; Michely, T. Is keV ion-induced pattern formation on
Si(001) caused by metal impurities? Nanotechnology 2010, 21, 085301.
98. Shenoy, V.B.; Chan, W.L.; Chason, E. Compositionally Modulated Ripples Induced by Sputtering
of Alloy Surfaces. Phys. Rev. Lett. 2007, 98, 256101.
99. Teichert, C.; Hofer, C.; Hlawacek, G. Self-organization of Nanostructures in Inorganic and Organic
Semiconductor Systems. Adv. Eng. Mat. 2006, 8, 1065-1073.
100. Ozaydin, G.; Ludwig, K.F.; Zhou, H.; Headrick, R.L. Effects of Mo seeding on the formation of
Si nanodots during low-energy ion bombardment. J. Vac. Sci. Technol. B 2008, 26, 551-558.Materials 2010, 3 4841
101. Zhang, K.; Rotter, F.; Uhrmacher, M.; Ronning, C.; Hofs¨ ass, H.; Krauser, J. Pattern formation of
Si surfaces by low-energy sputter erosion. Surf. Coat. Technol. 2007, 201, 8299-8302.
102. Madi, C.S.; George, H.B.; Aziz, M.J. Linear stability and instability patterns in ion-sputtered
silicon. J. Phys.: Condens. Matter 2009, 21, 224010.
103. Mollick, S.A.; Ghose, D. Formation and characterization of perpendicular mode Si ripples by
glancing angle O
+
2 sputtering at room temperature. J. Appl. Phys. 2009, 106, 044309.
104. Keller, A.; Cuerno, R.; Facsko, S.; M¨ oller, W. Anisotropic scaling of ripple morphologies on
high-ﬂuence sputtered silicon. Phys. Rev. B 2009, 79, 115437.
105. Vicsek, T.; Family, F. Dynamic Scaling for Aggregation of Clusters. Phys. Rev. Lett. 1984,
52, 1669-1672.
106. Schmittmann, B.; Pruessner, G.; Janssen, H.K. Strongly anisotropic roughness in surfaces driven
by an oblique particle ﬂux. Phys. Rev. E 2006, 73, 051603.
107. Keller, A.; Facsko, S.; M¨ oller, W. Minimization of topological defects in ion-induced ripple
patterns on silicon. New J. Phys. 2008, 10, 063004.
108. Otsu, N. A threshold selection method from gray-level histograms. IEEE Trans. Syst. Man
Cybern. 1979, 9, 62-66.
109. Hansen, H.; Redinger, A.; Messlinger, S.; Stoian, G.; Krug, J.; Michely, T. Rapid coarsening of
ion beam ripple patterns by defect annihilation. Phys. Rev. Lett. 2009, 102, 146103.
c ⃝ 2010 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/.)